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Cancer Informatics and thermography boosts the sensitivity and specificity, which is useful for detecting tumors in early stage. Thermography has not matured to detect disturbances and temperature due to small tumor or early-stage tumor. These facts motivate us for further research in this area for development of thermography.
The study of temperature distribution problems of human body is of clinical interest. 1 The human body is equipped with a thermoregulation system which maintains the body core temperature at a uniform temperature of 37°C by maintaining the balance between heat generation within the body cells and heat loss to the environment. The various heat transfer processes, such as thermal conduction and convection due to blood perfusion, take place in peripheral regions of human body organs to transport heat from body core to the surface. The heat is lost from the surface to the environment by conduction, convection, radiation, and evaporation. The heat is generated in the body cells due to metabolic activities.
The peripheral region, namely, the skin and subdermal tissues, is a heterogeneous medium, and it plays an important role in thermoregulation. This peripheral region consists of 3 layers, namely, epidermis, dermis, and subdermal tissues. 1 The dermis is made up of matted masses of connective tissues and elastic fibers, blood vessels, lymphatics, and nerves. The population density of blood vessels in the dermis is very thin near the interface of epidermis, ie, there are no blood vessels in epidermis, but it increases gradually and becomes almost uniform in the subdermal part. At low atmospheric temperature, blood flows at body core temperature from trunk into arteries near the core of the breast which cools down by flowing into capillaries in the peripheral regions of breast. Furthermore, this cold blood returns from capillaries to veins at central part of the breast which is at some distance from the trunk, and this blood flows from veins to the trunk. Thus, portions of core of breast near the trunk are maintained at 37°C, and the portions of breast core which are at some distance from trunk will have lower temperature. Thus, at lower atmospheric temperature, the core temperature of breast is found to vary with respect to position. 2 Any abnormality, such as the presence of a tumor, can disturb the temperature distribution in this region. The malignant tumors are characterized by uncontrolled growth and uncontrolled metabolic activity, whereas normal tissues are characterized by self-controlled growth and self-controlled metabolic activity. Initially, the tumor is of 1 mm in diameter and it derives its nutrients from nearby blood vessels for its growth. As a tumor grows, it incorporates the nearby blood vessels into its mass, and due to the increase in requirement of nutrients to cater to its needs of uncontrolled growth, neovascularization and hypervascularization take place in the tumor region. 3 In this way, the number of vessels in the tumor grows due to the presence of tumor angiogenesis factor. This results in higher rate of blood flow and metabolic activity in a malignant tumor. It has been found that the blood flow and metabolic activity in tumor vary 1 to 7 times than that in normal tissues. Also, the thermal conductivity of blood is higher than that of normal tissues, and as the tumor is rich in blood content, the thermal conductivity of tumor is found to be higher than that in normal tissues. 4 The necrotic core of the tumor consists of dead cells.
Several investigations have been made by various research workers [5] [6] [7] [8] [9] [10] to study 1-dimensional heat flow in flat-shaped human organs. Also, some attempts have been made [11] [12] [13] [14] [15] to study heat flow in dermal regions of flat and cylindrical human organs for 2-dimensional cases. Attempts [15] [16] [17] have also been made to study temperature distribution in skin and subcutaneous tissues involving abnormalities such as tumor in flat-shaped human organs for 1-dimensional and 2-dimensional cases. The seminumerical 5 and finite element models [18] [19] [20] are reported in the literature for the study of temperature distribution in cylinder-shaped human organs, such as human limbs, for 2-dimensional and 3-dimensional cases with and without tumors.
But very little attention has been paid to the study of heat flow in sphere-shaped human organs. The thermoregulation in human head has been investigated 21 under cold environment. The thermal modeling of women's breast under normal environmental conditions has been performed by researchers to study 22, 23 relationships among various biophysical parameters. Theoretical investigations 24, 25 have also been conducted to study the effect of sphere-shaped tumors in deep tissues of sphere-shaped women's breast on the surface temperature of the breast.
Recently, a 2-dimensional finite element model to study temperature distribution in peripheral regions of extended spherical human organs is reported in the literature. 21, 26, 27 Also, the human breast was considered to be of semispherical shape in the above studies. However, the breast is not exactly of spherical shape. The breast is closer to ellipsoidal shape. Furthermore, tumors are also found to be closer to ellipsoidal shape. From the literature survey, it is observed that no attempt is reported for the study of thermal effect of ellipse-shaped tumors in the peripheral part of ellipsoid-shaped human breast. 27 In view of the above, an attempt has been made to develop a finite element model to study temperature variation in ellipse-shaped human breast involving ellipse-shaped nonuniformly perfused tumor in peripheral layers of breast. The model has been developed for a 2-dimensional steady-state case involving fixed and variable boundary conditions due to different environmental conditions. The numerical results are obtained to study temperature distribution in skin and subcutaneous tissues of ellipse-shaped human organs with and without tumors at low, moderate, and high environmental temperatures.
Mathematical Models
The partial differential equation for heat flow in the skin and subcutaneous tissues (SST) region 28 is expressed as follows:
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where the effect of blood flow and metabolic heat generation is given by the terms m c T T
and S , respectively. Here, K is the thermal conductivity of tissue, m b is the blood mass flow rate, c b is the specific heat of blood, T b is the blood temperature, T is the tissue temperature at position r measured perpendicularly from the skin surface, c is the specific heat of tissues at time t, and ρ is the tissue density. We consider T T A b = as the arterial blood temperature, as the blood flows in arteries from core at body core temperature.
Equation (1) for temperature distribution in living tissues for a 2-dimensional steady-state case in elliptical coordinates is given as follows:
Here, d is the eccentricity of elliptical layer, and µ and ν are the radial and angular coordinates of the ellipsoid-shaped human breast. To incorporate the metabolic heat generation in normal and malignant tissues, the term S is expressed as follows:
Here, S represents controlled metabolic heat generation in normal tissues and W represents uncontrolled rates of metabolic heat generation in malignant tissues. The terms S and W will depend on position. In the regions of normal tissues, W = 0, whereas in malignant tissues, W dominates over S and therefore S = 0. The outer surface of the region is exposed to the environment, and heat loss at this surface takes place mainly due to conduction, convection, radiation, and evaporation. 14 Hence, the boundary condition imposed at the outer surface is given as follows:
where h is the heat transfer coefficient, T a is the atmospheric temperature, and L and E are latent heat and rate of sweat evaporation, respectively. The 2 types of boundary conditions are imposed at the inner boundary as given below.
Type 1 boundary condition
At medium and higher atmospheric temperatures, the inner boundary is maintained at uniform core temperature T b . Thus, inner boundary is assumed to be at constant temperature T b . Hence, the condition at inner boundary is given as follows:
Type 2 boundary condition
At low atmospheric temperatures, the shell temperature of human breast is variable along angular direction ν. This is because the warm blood flows in arteries at 37°C from core of the trunk to the shell of human breast, and the same blood reaching extreme parts of the breast cools down and returns from extremities of the breast through veins at lower temperature than the body core temperature. Hence, the following boundary condition is imposed:
Here, a 1 , a 2 , and a 3 are constants.
The values of a 1 , a 2 , and a 3 are found using the following conditions:
Here, the values of α, β, and γ are constants, which can be assigned the values based on the temperature at selected points of the shell of human breast. The dermal region of the breast is divided into 13 concentric elliptic layers with different eccentricities
, , , , ,  .
Solution
Equation (1) along with the boundary condition equations (3), (4), and (5) in the variational form is written as given below: , , , ,and , respectively, in e th layer. 4 λ (e) = 1 for elements along the surface and λ (e) = 0 for all elements which are not along the outer surface.
A woman's breast is assumed to be of semielliptical shape. Also, the physiological structure is assumed to be symmetric along angular directions involving nonuniformly perfused tumor as shown in Figure 1 . The SST region of the breast is divided into 13 layers, namely, epidermis as 1 layer, dermis as 11 layers, and subcutaneous tissues as 1 layer. The dermis is divided into larger number of layers to incorporate the nonhomogeneity of the subregions.
Here, ellipse-shaped nonuniformly perfused tumor is assumed to be situated in the dermis. The region is discretized into 416 triangular ring elements as shown in Figure 2 . These large numbers of elements have been taken to incorporate the minute details of physiology, such as structure and the heterogeneity of the region. Dividing the region into large number of elements gives us flexibility in assigning the independent values to the physical and physiological parameters in each subregion. The blood flow and metabolic activity in tumor are found to vary 0 to 7 times than that in normal tissues (Table 1) .
Accordingly, the different values have been assigned to blood mass flow and metabolic heat generation in nonuniformly perfused tumors. Because the triangular ring elements used here are very small in size, the linear shape function can be assumed for the variation of temperature in each element.
The following linear shape function for variation of temperature within each element has been taken: Expression (7) is rewritten as follows:
where
Using nodal conditions, we have the following:
We get the following expression using equations (9), (10), and (11):
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, , are the temperatures at ith, jth, and kth nodes, respectively. µ i , µ j , µ k and ν ν ν i j k , , are radial and angular distances at ith, jth, and kth nodes, respectively.
From equation (12), we get the following equation:
Integral I (e) may be written as follows:
where 
Because the solution domain has been divided into appropriate number of elements, the variations in each layer can be incorporated by assigning different and independent values to the parameters K M S W , , , in each element. The element sizes are smaller in dermis and tumor. This is because the variations in the physical and physiological parameters are more in these subregions. However, the properties are almost uniform in subdermal tissues and epidermis; hence, elements of bigger size have been used to discretize these subregions. On the basis of subdivision, the following independent values have been assigned to the parameters K, M, S, and W in each element:
Subdermal tissues: (e = 1 (26) 391 and 2 (26) 392)
The population density of blood vessels is highest and uniform in subdermal tissues among the 3 layers. Therefore, K, M, and S are the highest in this layer and taken as constants as given below: (26) 413, e = 24 (26) 414)
The population density of blood vessels in the dermis is very thin near the interface of epidermis, ie, there are no blood vessels in epidermis, but it increases gradually and becomes almost uniform in the subdermal part. 3 Therefore, K, M, and S are taken to be average of that in epidermis and dermis:
Epidermis: (e = 25 (26) 415 and e = 26 (26) 416)
The blood flow is 0 and the thermal conductivity and metabolic activity are lowest in epidermis:
Tumor periphery: (e = 140, 141, 142, 143, 144, 145, 164, 165, 172, 173, 189, 190, 199, 200, 225, 226, 242, 243, 250, 251, 270, 271, 271, 273, 274, 275) Tumor periphery is rich in blood, and therefore, the thermal conductivity blood flow and metabolic activity are greater than those in normal tissues. The following constant values are assigned in tumor periphery:
Tumor core: (e = 166-171, 191-198, 217-224, and 244-249) Tumor core is devoid of blood vessels and contains dead cells in the form of necrotic core. Therefore, K, M, and S in tumor core will be less than that in normal tissues. Thus, we take
Here, τ and η represent that the blood flow and metabolic activity in tumor are τ and η times that in normal tissues. Integral 1 is extremized with respect to each nodal temperature T i as shown below: 
where This leads to a system of linear algebraic equations given below:
Here, T T T T T n
, X is the system matrix of order n × n, and Y is the system vector of order n × 1. The Gauss elimination method has been used to obtain the solution of system. 8 A computer program in MATLAB 7.11 is developed to find numerical solution to the entire problem. The time taken for simulation is nearly 2 minutes on Core i3 CPU M 330 @ 2.13 GHz processing speed and 3 GB memory.
Results and Discussion
The numerical results are obtained using the values of physical and physiological constants given below 10 he values of M, S, and E used in this study are given in Table 2 .
The simulation was performed for N = 416 elements initially. Then again, the simulation was performed by taking N = 832 elements. We obtain a temperature of 36. For a particular case, the values of α, β, and γ are taken as follows:
The angular positions in degrees and radians are given in Table 3 .
Graphs have been plotted among T, µ, and ν for different values of atmospheric temperature, E and η, for 2 types of boundary conditions. It is well known that the metabolic activity of tumor is found to vary 1 to 7 times than that in normal tissues. The blood mass flow rate and metabolic heat generation are very low in the tumor core and they go on decreasing with an increase in the size of tumor. Therefore, as a special case, we assume that the rate of blood flow in tumor core is one-tenth of normal tissues. Here, for particular samples of tumor, we take η = 1.0, η = 3.0, and η = 5.0, which implies that tumor periphery has metabolic activity which is 1, 3, and 5 times that in normal tissues, respectively. . We observe that the temperature falls along radial direction from body core to outer surface of the extended elliptical human organs. This is because the heat flows mainly along radial direction and is lost to the environment from the outer surface , and type 1 boundary condition.
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of the extended elliptical human organs. Also, we observe the change in slope of the curves at the junctions of peripheral layers of the breast. This is due to different biophysical properties of each layer. , and η = 5.0. In Figures 4 and 5 , we observe the change in the slope of the curve at the junctions of normal tissues and tumor periphery, tumor periphery and tumor core, tumor core and tumor periphery, and tumor periphery and normal tissues and also at the junctions of different layers of normal tissues. In Figures  4 and 5 , we observe the major thermal disturbances in tumor region. Figure 9 shows the temperature difference between normal case (Figure 3 ) and peripheral regions involving tumor at η = 3.0 (Figure 4) . Figure 10 shows the temperature difference between normal case ( Figure 3 ) and peripheral regions involving tumor at η = 5.0 ( Figure 5 ). In Figure 6 , we observe that the temperature difference between normal case and peripheral regions involving tumor is 0 at µ = 8.0 and ν = 0° to π, ie, at the core of the breast, and 0 between ν = 0° to 60° and ν = 120° to 180°; this temperature difference increases from ν = 60° to 80° and then decreases from ν = 80° to 100° and again it increases from ν = 100° to 120° and further falls to 0 after ν = 120°. The temperature difference along radial direction from ν = 60° to 120° is observed from µ = 8.1 cm, and it increases from µ = 8.5 to 8.72 cm where it achieves its peak; then this difference in temperature decreases from µ = 8.7 to 8.74 cm and again increases from µ = 8.74 to 8.78 cm and further it decreases from µ = 8.78 to 9.1 cm. Similar results are observed in Figure 10 . The maximum temperature difference observed in Figure 9 is 0.598°C, and in Figure 10 , it is 0.671°C. Thus, the temperature difference in Figure 10 is more compared with that in Figure 9 . This is because of higher metabolic rates in tumor in case of Figure 10 .
Similar results of temperature differences are seen in Figures  11 and 12 Figure 17 shows temperature variation in human breast for T a = 15°C, E = 0, and normal case. Figures 18 and 19 show temperature variation in breast with tumor for T a = 15°C, type 2 boundary condition, and for η = 3.0 and η = 5.0, respectively. We observe the effect of variable boundary condition at µ = 0 and ν = 0° to π with temperature 37°C at ν = 0 and ν = π and 36°C at ν = π/2. We observe that the temperature falls from core to the outer skin surface between 37°C and 30°C in Figure 17 , ie, in normal case, 37°C and 30.5°C in Figure 18 and 37°C and 31°C in Figure 19 . In Figures 18 and 19 , we observe the change in the slope of curves at the junctions of normal tissues and tumor periphery, tumor periphery and tumor core, tumor core and tumor periphery, and tumor periphery and normal tissues. about the accuracy with which the equipment should be able to measure the temperatures to detect the tumors.
Discussion of Results for Type 2 Boundary Condition
Conclusions
A 2-dimensional finite element model is proposed and used to study the effect of ellipse-shaped nonuniformly perfused tumor on temperature distribution in peripheral regions of ellipseshaped woman's breast. The proposed model is one of the more realistic models in comparison with earlier models reported in the literature. The shape and structure of the breast in this study are close to the real woman's breast. The existing models are able to provide impact of spherical-shaped tumor on spherical-shaped and particular type of structure of woman's breast. The proposed model is able to provide the impact of a shape and size of tumor on thermal patterns in different realistic shapes, sizes, and structures of woman's breast during different stages of development. The proposed model is also capable of providing information about thermal effect of nonuniformly perfused ellipse-shaped tumor in different stages of development woman's breast. The discretization of the breast into large number of triangular ring elements takes care of the heterogeneity of the region. On the basis of the result, it is concluded that the changes in the slope of the curve at the junctions of various peripheral and tumor layers are caused due to the nonhomogeneous nature of the region. Also, the tumor acts as a heat source, thereby causing thermal disturbances in the tumor and peripheral regions of the breast. The major thermal disturbances in the specific location indicate the presence of a tumor. The variations in the temperature at the junction of tumor and peripheral layers give us idea of the type, size, and location of the tumor. This information can be exploited in thermography for detection of tumors. From the results, it can be concluded that the thermal impact of larger tumor is more compared with smaller tumor. Hence, predicted precision of position of tumor will certainly change with the tumor size. The position precision is proportional to the size of tumor. This means that for smaller tumors, the thermographic equipment with higher sensitivity and specificity and precision is required. The finite element method used here has proved to be quite versatile because it was possible to incorporate the shape, structure, and variation of biophysical parameters in the different subregions of tumor and peripheral regions of human breast. In this study, a 2-dimensional model was proposed to analyze the thermal effect of nonuniformly perfused tumors in peripheral layers of women's breast. In future, it is intended to use the present model as a basis to develop 3-dimensional model to perform these investigations in more detail with more realistic and different kinds of conditions in different dimensions. Such mathematical models can be developed to generate thermal information which can be useful to biomedical scientists and engineers for designing protocol for diagnosis of tumor by thermography and treatment of tumors by hyperthermia in woman's breast. Hyperthermia is a technique of killing the tumor by heating. The thermal information gives us the idea about how much heat dose should be given so that malignant tissues are destroyed and normal cells are saved.
The model provides interesting information about the detection of position, size, and type of tumor in the breast. The thermograms which have been generated by our model can also be obtained by thermographic equipment in practice. The present model gives idea about which point of thermograms can be used as markers of position, boundaries, size, and type of tumors. The results of the models clearly show that points of change to slope of the curves indicate changes in property of tissues which can be used as thermal markers in thermography for detection of the boundaries in various layers of tumors and normal tissues. The thermographic technology has gained scientific acceptance and has been approved for screening purpose by Food and Drug Administration and is being used for safe early working detection system. The thermographic equipment available has the capacity to measure temperatures ranging from 10°C to 55°C with accuracy of 0.1°C. Therefore, thermography can be applicable in this case. In all, it is a new research progress direction in the field of thermal biology and its applications in medical sciences.
